Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) is a potent second messenger that drives many biological processes such as cell proliferation, growth, survival and migration[@b1][@b2][@b3]. In response to activation of a variety of receptors such as receptor tyrosine kinases and G-protein-coupled receptors by extracellular stimulation, PI3-kinases phosphorylate phosphatidylinositol (4,5)-bisphosphate (PIP2) to produce PIP3 at the plasma membrane. Phosphatase and tensin homolog (PTEN) dephosphorylates PIP3 to regulate PIP3 signaling[@b4][@b5]. In many cancers, PIP3 signaling is enhanced due to mutations in components of the signaling pathway, including EGF receptors, PI3-kinases, PTEN, Ras GTPases, and a major effector of PIP3, AKT[@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13].

In addition to the plasma membrane, PTEN also localizes to the nucleus. Nuclear PTEN regulates DNA repair, genome stability and cell cycle progression[@b14][@b15][@b16][@b17][@b18]. Some studies have shown that these nuclear functions of PTEN do not involve PIP3 signaling and are independent of PTEN phosphatase activity[@b14][@b15]. The absence of nuclear PTEN is associated with aggressive cancers and Cowden syndrome[@b18][@b19]. Given that PTEN is a haploid-insufficient tumor suppressor, altering PTEN expression, localization and activity in cancer cells can be used to modulate its role. Especially, since PTEN is mainly located in the cytosol[@b13][@b20][@b21][@b22][@b23], recruiting more PTEN to the plasma membrane and/or nucleus to stimulate its tumor suppressor functions may be an effective strategy to treat cancers.

PTEN interacts with lipids through its N-terminal PIP2-binding domain, its catalytic domain and its C2 domain[@b10][@b20][@b23][@b24][@b25][@b26][@b27]. Positively charged residues in the PIP2-binding and C2 domains have been proposed to recruit PTEN to the plasma membrane through associations with negatively charged membrane lipid head groups[@b21][@b22][@b28][@b29]. Using the heterologous expression system in which human PTEN is expressed and analyzed in the social amoebae *Dictyostelium*[@b22][@b23][@b30], we previously identified a membrane-binding regulatory interface located on the surface of the human PTEN molecule, spanning the phosphatase and C2 domains[@b23]. This interface is masked by the inhibitory C-terminal tail, keeping most PTEN molecules in a closed conformation[@b21][@b23][@b31]. This intramolecular inhibition is controlled by phosphorylation of four serine/threonine residues (Ser~380~, Thr~382~, Thr~383~, Ser~385~) in the tail domain. A mutant PTEN (PTEN~A4~), in which these phosphorylation sites are substituted with alanines, is maintained in an open conformation and targeted to both the plasma membrane and the nucleus[@b21]. Furthermore, by engineering the membrane-binding regulatory interface, we previously generated an enhanced PTEN (ePTEN) which almost exclusively localizes to the plasma membrane and effectively suppresses PIP3 signaling[@b22][@b30]. Therefore, switching between the open and closed conformations provides not only a critical regulatory mechanism for the recruitment of PTEN to the plasma membrane, but also for its enzymatic activity. In contrast to the membrane recruitment, it is largely unknown how PTEN is transported to the nucleus.

Results
=======

PTEN~A4~ and ePTEN redistribute to the nucleus when dissociated from the plasma membrane
----------------------------------------------------------------------------------------

To define mechanisms that localize PTEN to the nucleus and plasma membrane, we tested whether dissociation of PTEN from the plasma membrane drives translocation of PTEN into the nucleus. We used two mutant forms of PTEN, PTEN~A4~ and ePTEN, both of which are trapped in the open conformation[@b22][@b23]. While PTEN~A4~ carries mutations in the phosphorylation sites in the C-terminal tail, ePTEN has mutations in the core region ([Fig. 1A](#f1){ref-type="fig"})[@b22][@b23]. We expressed these PTEN variants as GFP fusions and examined their localization in *Dictyostelium* cells ([Fig. 1](#f1){ref-type="fig"}B,C). PTEN~A4~ localized to the plasma membrane and nucleus while ePTEN predominantly associated with the plasma membrane due to a higher affinity for the membrane[@b22]. To dissociate PTEN~A4~ and ePTEN from the plasma membrane, we introduced a cancer-associated mutation, L42R (lysine changed to arginine at residue 42), which inhibits PTEN-membrane association[@b13]. While L42R alone did not alter the cytoplasmic localization of wild-type PTEN, introduction of L42R dramatically redistributed PTEN~A4~ and ePTEN to the nucleus with 2-4 fold increase in nuclear PTEN. The extent of nuclear PTEN~L42R,A4~ and ePTEN~L42R~ accumulation was similar to that of nPTEN[@b22], which carries a single substitution near the PIP2 binding motif of ePTEN (Q17E) ([Fig. 1](#f1){ref-type="fig"}B--D). Q17E slightly increased nuclear localization of wild-type PTEN ([Fig. 1](#f1){ref-type="fig"}B,C). We confirmed similar effects of L42R on the localizations of wild-type PTEN, PTEN~A4~ and ePTEN in human embryonic kidney 293 (HEK293) cells ([Fig. 1D](#f1){ref-type="fig"}).

To exclude the potential effects of C-terminal GFP on PTEN localization, we examined the localization of N-terminal GFP fusions and non-tagged versions of wild type PTEN, ePTEN, and nPTEN ([Fig. S1](#S1){ref-type="supplementary-material"}). Both N-terminal fusions ([Fig. S1A](#S1){ref-type="supplementary-material"}) and non-tagged versions ([Fig. S1C](#S1){ref-type="supplementary-material"}) showed consistent intracellular distributions with C-terminal GFP fusions, indicating that PTEN localization is not affected by GFP. We noticed that the association of ePTEN with the plasma membrane was modestly affected by the chemical fixation for immunofluorescence ([Fig. S1B](#S1){ref-type="supplementary-material"} and [C](#S1){ref-type="supplementary-material"}). When cells were fixed, a portion of ePTEN appeared to dissociate from the plasma membrane. Therefore, it is critical to analyze PTEN localization using live cell imaging approaches to accurately determine its localization, especially at the plasma membrane.

To determine whether the L42R mutation changes the conformational state of PTEN~A4~ and ePTEN, we performed an "in trans" interaction assay; binding of GFP-tagged PTEN variants to a separate FLAG-tagged wild-type tail domain was assessed by co-immunoprecipitation using an anti-FLAG antibody. Wild-type PTEN-GFP did not interact with PTEN~352-403~-FLAG as it is in a closed conformation ([Fig. 1E](#f1){ref-type="fig"})[@b21]. In contrast, PTEN~A4~-GFP has an open conformation and showed a strong interaction with PTEN~352-403~-FLAG ([Fig. 1E](#f1){ref-type="fig"})[@b21]. Because ePTEN and nPTEN have mutations in the core region that block interactions with the C-terminal tail, they did not interact with PTEN~352-403~-FLAG even though they are maintained in an open conformation ([Fig. 1E](#f1){ref-type="fig"})[@b21][@b22]. Addition of the A4 mutations to ePTEN did not change its inability to interact with PTEN~352-403~-FLAG in ePTEN~A4~ ([Fig. 1E](#f1){ref-type="fig"}). We found that L42R did not affect the interaction of PTEN~A4~-GFP or ePTEN-GFP with PTEN~352-403~-FLAG. PTEN~L42R,A4~ binds to PTEN~352-403~-FLAG while ePTEN~A4~ is defective in interactions with PTEN~352-403~-FLAG ([Fig. 1E](#f1){ref-type="fig"}). Finally, we also found that L42R does not affect lipid phosphatase activities of PTEN~A4~ or ePTEN ([Figs 1F](#f1){ref-type="fig"} and S2). Thus, PTEN with open conformations, whether mutations are located in the C-terminal tail (PTEN~A4~) or the core region (ePTEN), are recruited from the cytosol to the nucleus or the plasma membrane. Our data also show that dissociation of open conformation PTENs from the plasma membrane redistribute to the nucleus.

The majority of PTEN~A4~ remains in the cytosol upon the breakdown of the nuclear membrane during mitosis
---------------------------------------------------------------------------------------------------------

Next, we wanted to know if PTEN~A4~ in the nucleus is recruited to the plasma membrane when released from the nucleus. To address this question, we examined PTEN~A4~-GFP in HEK293 cells at mitotic phases when the nuclear envelope is physiologically lost. In non-dividing cells, PTEN~A4~-GFP is associated with the plasma membrane and nucleus ([Fig. 2A](#f2){ref-type="fig"}). To identify dividing cells, we examined the morphology of nuclear DNA using a fluorescent dye for DNA, DRAQ5. PTEN~A4~ was diffused into the cytosol and slightly increased the localization at the plasma membrane in dividing cells ([Fig. 2A](#f2){ref-type="fig"}). Time-lapse fluorescence microscopy clearly showed that PTEN~A4~-GFP localized diffusely to the cytosol and to the plasma membrane upon breakdown of the nuclear envelope ([Fig. 2](#f2){ref-type="fig"}B,C). Furthermore, when we examined the localization of PTEN~L42R,A4~-GFP and nPTEN-GFP in dividing cells, both were localized solely to the cytosol ([Fig. 2A](#f2){ref-type="fig"}). It is appears that defects in membrane association of PTEN~L42R,A4~-GFP and nPTEN-GFP are not due to their sequestration in the nucleus.

It has been shown that ubiquitination and sumoylation of PTEN at lysine residues 13, 254 and 289 stimulates nuclear localization of PTEN[@b15][@b32]. However, when we substituted these lysines with arginine or glutamate in wild-type PTEN, we did not observe clear exclusion of PTEN~K13R~, PTEN~K254R~ or PTEN~K289E~ from the nucleus ([Fig. 2D](#f2){ref-type="fig"}). We then used two PTEN variants, nPTEN and ePTEN~L42R~, which noticeably accumulate in the nucleus ([Fig. 2D](#f2){ref-type="fig"}). While K289E modestly excluded nPTEN and ePTEN~L42R~ from the nucleus, K13R dramatically relocated nPTEN and ePTEN~L42R~ to the cytosol. We further introduced K13R into PTEN~L42R~,~A4~ and found similar exclusion from the nucleus. Therefore, K13, but not K289, plays a major role in the nuclear accumulation of open conformation PTENs. We then tested whether nuclear exclusion of open conformation PTENs stimulate redistribution to the plasma membrane ([Fig. 2E](#f2){ref-type="fig"}). Importantly, when we combined the A4 and K13R mutations, PTEN~K13R,A4~ was dramatically recruited to the plasma membrane. In contrast, PTEN~K254R,A4~ and PTEN~K289E,A4~ showed distributions similar to PTEN~A4~. Overexpression of a deubiquitylating enzyme, USP7/HAUSP which regulates the nuclear localization of wild-type PTEN[@b33], did not affect the nuclear localization of PTENA4 (Fig. S3). We observed no additional effects of K13R on the localization of ePTEN, which is fully associated with the plasma membrane. To further define the mechanism by which PTEN binds to the plasma membrane, we deleted its PDZ-binding domain, since this domain has been suggested to mediate association of PTEN with the plasma membrane through interactions with PDZ domain-containing membrane proteins such as MAGI2 and NHERF[@b34][@b35]. However, the truncation of the PDZ-binding domain did not affect membrane association of ePTEN ([Fig. 2E](#f2){ref-type="fig"}).

Since K13 is located in the PIP2-binding domain, this positively charged residue has also been suggested to be important for association of PTEN with the plasma membrane and therefore PTEN's lipid phosphatase activity[@b28][@b36]. Consistent with this notion, we and others have previously shown that K13A inhibits lipid phosphatase activity of PTEN~A4~ ([Fig. 3A](#f3){ref-type="fig"})[@b22][@b36][@b37]. By contrast, when we substituted K13 with arginine (K13R), the lipid phosphatase activity was not affected in PTEN~K13R,A4~ ([Fig. 3A](#f3){ref-type="fig"}). Importantly, neither K13A nor K13R decreased association of PTEN~A4~ with the plasma membrane ([Fig. 3B](#f3){ref-type="fig"}). These data suggest that a positive residue at amino acid position 13 is critical for the enzymatic activity of PTEN, but not for its membrane association. Therefore, decreased enzymatic activity in PTEN~K13A,A4~ are not due to its dissociation from the membrane.

Stability of open conformation PTEN depends on K13
--------------------------------------------------

In addition to subcellular localization, the conformation status of PTEN appears to regulate its stability. PTEN~A4~ and ePTEN have decreased protein stability compared to wild-type PTEN ([Fig. 3C--F](#f3){ref-type="fig"}). Decreased stability seems to be due to proteasome-mediated protein degradation, as the stability of PTEN~A4~ and ePTEN was improved by the proteosomal inhibitor MG132[@b23]. Since K13 is subject to ubiquitination[@b14], we tested the effect of K13A or K13R on PTEN~A4~ stability. Steady state amounts of PTEN~K13A,A4~ and PTEN~K13R,A4~ were higher than that of PTEN~A4~ ([Fig. 3](#f3){ref-type="fig"}C,D). Therefore, K13 likely regulates the stability of open conformation PTENs. Previous studies have suggested that the loss of the lipid phosphatase activity stabilizes PTEN~A4~, but the underlying mechanisms for the increased stability of PTEN~K13R,A4~ observed here are independent of the loss of the enzymatic activity, as PTEN~K13R,A4~ maintained normal activity ([Fig. 3A](#f3){ref-type="fig"}).

Furthermore, we have previously proposed that decreased stability of PTEN~A4~ and ePTEN results from increased association with the plasma membrane[@b22]. To test this model, we introduced the membrane dissociating substitution L42R to PTEN~A4~ and ePTEN. L42R did not increase levels of PTEN~A4~ or ePTEN ([Fig. 3](#f3){ref-type="fig"}E,F) even though PTEN~L42R,A4~ and ePTEN~L42R~ were dissociated from the plasma membrane ([Fig. 2D](#f2){ref-type="fig"}). Therefore, our data suggest that open conformations, rather than membrane association, decrease the stability of PTEN.

K13R potentiates the function of PTEN~A4~ in suppression of PIP3 signaling
--------------------------------------------------------------------------

To examine the functional impact of increased membrane recruitment of PTEN~K13R,A4~ on PIP3 signaling, we co-expressed the PIP3 biosensor RFP-PH~AKT~ (RFP fused to the PIP3 binding pleckstrin homology (PH) domain of AKT[@b30]) in cells expressing PTEN~K13R,A4~ ([Fig. 3G](#f3){ref-type="fig"}). RFP-PH~AKT~ was associated with the plasma membrane in HEK293 cells. PTEN~K13R,A4~ showed stronger effects on dissociation of RFP-PH~AKT~ from the plasma membrane compared to PTEN~A4~ or wild-type PTEN. A negative control, PTEN~L42R,A4~ which is defective in association with the plasma membrane, did not decrease levels of RFP-PH~AKT~ at the plasma membrane ([Fig. 3](#f3){ref-type="fig"}G,H). To further assess PIP3 signaling, we examined the status of AKT and p70S6K, which are phosphorylated downstream of PI3K signaling ([Fig. 3](#f3){ref-type="fig"}I,J). PTEN~A4~ and PTEN~A4,K13R~ more strongly suppressed these phosphorylation events compared to the wild-type PTEN. In contrast, the dissociation of PTEN~A4~ from the plasma membrane mediated by L42R decreased the ability of PTEN~A4~ to suppress the phosphorylation of its downstream substrates. These results show that increasing the membrane association of PTEN~A4~ by adding K13R further strengthened the function of PTEN~A4~ as a negative regulator of PIP3 signaling.

Recent studies have shown that PTEN functions in nuclear DNA repair^14--16^. We tested whether its nuclear localization is important for this function. The number of phosphorylated histone H2AX (γH2AX) foci has been used as a readout of DNA damage[@b16][@b38]. We treated HCT116 PTEN-null cells expressing PTEN-GFP, PTEN~A4~-GFP, PTEN~K13R,A4~-GFP, or PTEN~L42R,A4~-GFP with 1 mM hydroxyurea for 16 hours and then analyzed γH2AX foci using immunofluorescence microscopy. We found that PTEN~A4~-GFP significantly decreased the number of γH2AX foci compared to wild-type PTEN-GFP ([Fig. 3K](#f3){ref-type="fig"}). Importantly, the K13R substitution, which blocks PTEN~A4~-GFP nuclear accumulation, decreased this function of PTEN~A4~-GFP. This was not observed in cells with the K42R substitution, which blocks the association of PTEN~A4~-GFP with the plasma membrane ([Fig. 3K](#f3){ref-type="fig"}).

NEDD4-1 preferentially binds to PTEN in open conformations and controls PTEN stability, but not PTEN localization
-----------------------------------------------------------------------------------------------------------------

An E3 ubiquitin ligase, NEDD4-1, has been suggested to mediate ubiquitination of PTEN[@b15]. To test whether nuclear localization of PTEN~A4~ and nPTEN depends on NEDD4-1, we knocked down NEDD4-1 expression using shRNAs in HEK293 cells expressing PTEN~A4~-GFP or nPTEN-GFP. We found that unlike the K13R substitution, NEDD4-1 knockdown did not entirely exclude PTEN~A4~-GFP and nPTEN-GFP from the nucleus ([Fig. 4A](#f4){ref-type="fig"}). We observed increased membrane association of PTEN~A4~-GFP when NEDD4-1 was knocked down, perhaps due to the increased PTEN~A4~-GFP levels. We also overexpressed mCherry-NEDD4-1 along with HA-ubiquitin. mCherry-NEDD4-1 was mainly localized in the cytosol and did not affect subcellular localization of wild-type PTEN, PTEN~A4~, PTEN~K13R,A4~, ePTEN or nPTEN ([Fig. 4A](#f4){ref-type="fig"}).

We also tested whether NEDD4-1 is involved in decreased stability of PTEN~A4~, ePTEN and nPTEN. shRNA knockdown of NEDD4-1 increased the levels of all the PTEN variants, but not the levels of wild-type PTEN. Furthermore, overexpression of NEDD4-1 decreased the amounts of PTEN~A4~, ePTEN and nPTEN, but not of wild-type PTEN. PTEN~K13R,A4~ blocked the effect of knockdown and overexpression of NEDD4-1 on PTEN stability, suggesting that K13 is a key site for ubiquitination mediated by NEDD4-1, ([Fig. 4](#f4){ref-type="fig"}A--C). These data suggest that open conformation PTENs are ubiquitinated at K13 by NEDD4-1, causing decreased protein stability. To understand how open conformation PTENs are regulated by NEDD4-1, we examined interactions of NEDD4-1 with different PTEN variants using co-immunoprecipitation ([Fig. 4](#f4){ref-type="fig"}D,E). NEDD4-1 preferentially bound to PTEN~A4~-GFP, ePTEN-GFP and nPTEN-GFP with approximately 2.5 increases compared to GFP alone and wild-type PTEN-GFP. These increased interactions are likely the molecular basis for the specific effect of NEDD4-1 on the stability of PTEN~A4~, ePTEN and nPTEN.

Opening the conformation of PTEN facilitates its import into the nucleus
------------------------------------------------------------------------

To define the mechanisms of nuclear transport of PTEN in open conformation states, we developed a trap assay using the chemically inducible dimerization system, in which the FK506-binding protein (FKBP) and the rapamycin-binding domain of mTOR (FRB) stably dimerize in the presence of rapamycin ([Fig. 5](#f5){ref-type="fig"}A,B)[@b39]. First, we fused FRB to CFP carrying nuclear exclusion signal (NES), NES-CFP-FRB. As a control, NES-CFP-FRB was co-expressed with YFP-FKBP. In the absence of rapamyin, NES-CFP-FRB is predominantly localized to the cytosol, while YFP-FKBP is present in both the cytosol and nucleus ([Fig. 5C](#f5){ref-type="fig"}). Upon addition of rapamycin, YFP-FKBP was redistributed from the nucleus to the cytosol within 30 min ([Fig. 5](#f5){ref-type="fig"}D,H). NES-CFP-FRB remained in the cytosol after the rapamycin addition. These results suggest that YFP-FKBP shuttles between the cytosol and nucleus and is trapped by NES-CFP-FRB in the cytosol. To determine the effect of protein sizes, we fused YFP-FKBP to a truncated version of beta galactosidase (\~150 kDa) (YFP-βGal∆N-FKBP), which is larger than YFP (\~25 kDa) and PTEN (\~50 kDa). YFP-βGal∆N-FKBP showed kinetics of nuclear exclusion similar to that of YFP-FKBP, demonstrating that our assay is not affected by differences in protein size within this range (25--150 kDa). When we examined PTEN-YFP-FKBP, this protein was localized to both the cytosol and nucleus in the absence of rapamycin. However, in contrast to YFP-FKBP and YFP-βGal∆N-FKBP, the nuclear population of PTEN-YFP-FKBP persistently remained in the nucleus even after the addition of rapamycin ([Fig. 5](#f5){ref-type="fig"}D,H). Similarly, nPTEN-YFP-FKBP was stably localized in the nucleus.

We hypothesized that the persistent localization of PTEN-YFP-FKBP and nPTEN-YFP-FKBP in the nucleus can be explained by the following two models. In the first model, PTEN-YFP-FKBP and nPTEN-YFP-FKBP are stably associated with intra nuclear structures and therefore immobile in the nucleus. In the second model, these proteins are freely diffusible in the nucleus but not exported out of the nucleus. To differentiate between these models, we examined the ability of PTEN-YFP-FKBP and nPTEN-YFP-FKBP to diffuse within the nucleus and their ability to be translocated to the inner nuclear membrane. We fused CFP-FRB to an inner nuclear membrane protein, emerin ([Fig. 5C](#f5){ref-type="fig"}). Before the addition of rapamycin, both PTEN-YFP-FKBP and nPTEN-YFP-FKBP were relatively uniformly distributed in the nucleus. After the addition of rapamycin, both proteins were rapidly recruited to the inner surface of the nucleus within \~2 min, similar to the control protein YFP-βGal∆N-FKBP ([Fig. 5](#f5){ref-type="fig"}E,H). Therefore, PTEN-YFP-FKBP and nPTEN-YFP-FKBP are diffusible within the nucleus. Our data support the model that PTEN-YFP-FKBP and nPTEN-YFP-FKBP are freely mobile inside the nucleus but not exported from the nucleus within the time range examined.

During the course of this experiment, we noticed that amounts of YFP-βGal∆N-FKBP and nPTEN-YFP-FKBP significantly increased on the inner nuclear surface within \~20 min of the addition of rapamycin. Conversely, such increases were not seen with PTEN-YFP-FKBP ([Fig. 5H](#f5){ref-type="fig"}). In both cases, FRB-CFP-emerin remained in the nucleus after the rapamycin addition ([Fig. 5E](#f5){ref-type="fig"}). These observations suggest that PTEN in open conformation states is continuously imported into the nucleus, while PTEN in a closed conformation state is not. To test this model, we fused CFP-FRB to a nuclear localization signal, NLS-CFP-FRB ([Fig. 5C](#f5){ref-type="fig"}). We co-expressed NLS-CFP-FRB along with PTEN-YFP-FKBP, ePTEN-YFP-FKBP or YFP-FKBP ([Fig. 5](#f5){ref-type="fig"}F,H). We used ePTEN because the majority of ePTEN is not in the nucleus, increasing the sensitivity of detection of its translocation into the nucleus. Upon addition of rapamycin, we observed similar dynamics of nuclear accumulation of ePTEN-YFP-FKBP and YFP-FKBP. In contrast, the time course of nuclear import of PTEN-YFP-FKBP was significantly slower ([Fig. 5](#f5){ref-type="fig"}F,H). Furthermore, K13R blocked nuclear import of PTEN~A4~ ([Fig. 5](#f5){ref-type="fig"}G,H). This import defect likely underlies defects in nuclear localization of PTEN~K13R,A4~. Finally, we examined the effect of the nuclear export inhibitor leptomycin B. While PTEN~A4~ remained in the nucleus in the presence of leptomycin B, nuclear PTEN~A4,K13R~ did not accumulate (Fig. S4), further supporting our hypothesis that the K13R mutation blocks the nuclear import of PTEN~A4~.

Effects of PTEN-PTEN interactions on PTEN localization
------------------------------------------------------

PTEN forms a homodimer, and this protein-protein interaction is promoted when the phosphorylation of the C-terminal tail is blocked and the conformation is opened[@b40]. To test whether the intracellular distribution of PTEN variants is affected by PTEN-PTEN interactions, we co-expressed mCherry tagged wild-type PTEN with GFP-tagged wild-type PTEN, PTEN~A4~, ePTEN, or nPTEN in HEK293 cells ([Fig. 6A](#f6){ref-type="fig"},B). We found no effects of these combinations on PTEN localization. Furthermore, we compared the localization of wild-type PTEN-GFP, ePTEN-GFP, and nPTEN-GFP in HCT116 cells and PTEN-null HCT116 cells ([Fig. 6](#f6){ref-type="fig"}C,D). We found that these PTEN variants were similarly distributed in these two cell types, suggesting that the effect of endogenous PTEN is negligible.

Discussion
==========

In this report, we show that open conformation states of PTEN are required for the localization of this protein to the nucleus and plasma membrane ([Fig. 5I](#f5){ref-type="fig"}). The majority of PTEN exists in a closed conformation that is maintained by the association of its C-terminal tail with the core region on the surface of PTEN molecules. This intramolecular interaction is controlled by phosphorylation of serine/threonine clusters in the C-terminal region. Previous studies have identified casein kinase II as a key regulatory kinase that phosphorylates the PTEN serine/threonine cluster[@b41]. When the tail region is phosphorylated, the intramolecular interactions that maintain the closed conformation are promoted. In contrast, when the tail becomes dephosphorylated, it dissociates from the core region, opening the conformation of PTEN. This conformational change exposes the membrane-binding regulatory interface and stimulates the recruitment of PTEN to the plasma membrane. In addition, opening the conformation also makes K13 accessible to E3 ubiquitin ligases and promotes the transport of PTEN to the nucleus, presumably through ubiquitination. A recent study using bioluminescence resonance energy transfer has further shown the importance of the phosphorylation-mediated conformational change of PTEN upon activation of G protein coupled receptors[@b42]. Our current findings and previous studies suggest that the conformational change of PTEN is a critical mechanism that regulates the functional localization of PTEN. In the crystal structure of PTEN, the unstructured tail region was not included[@b25]. It would be important to elucidate how the tail and core region interact at the structural level in future studies.

Our data also suggest a dynamic equilibrium between membrane localization and nuclear localization of open conformation PTENs. Since PTEN~A4~, which is trapped in an open conformation because of the inhibition of its tail phosphorylation, is predominantly accumulated in the nucleus, there appears to be stronger PTEN nuclear import activity than recruitment to the plasma membrane. This relatively high nuclear import activity might function to sequester open conformation PTENs away from the plasma membrane to maintain required levels of PIP3. Previous studies have shown that nuclear localization of PTEN changes in different physiological contexts. For example, levels of nuclear PTEN increase in quiescent cells and decrease in proliferating cells. Similarly, cancer cells have decreased amounts of nuclear PTEN. These changes in the abundance of nuclear PTEN may reflect the regulation of conformations of PTEN in these cells. Moreover, various effects of substitution of lysines 13 and 289 have been reported in previous studies. As closed conformations of PTEN are not regulated by these lysine substitutions, the reported differences may result from differences in the levels of PTEN with open conformations.

The PIP2 binding motif consists of a cluster of five positively charged lysine and arginine residues in the N-terminal region of PTEN. Similar PIP2 binding motifs have been found and characterized in several actin binding proteins, such as gelsolin and WASP[@b43]. Positively charged residues help PTEN interact with negatively charged phospholipids including PIP2, PIP3 and phosphatidylserine in the plasma membrane as truncation of the PIP2 binding motif blocks association of PTEN with the plasma membrane. It has been suggested that K13 in the PIP2 binding motif is important for enzymatic activity because it recruits PTEN to the plasma membrane, and its substitution to alanine blocks activity[@b22][@b28][@b36][@b37]. However, we found that K13A increased the recruitment of PTEN~A4~ to the plasma membrane. Therefore, the role of K13 in the enzymatic activity is not due to the association of PTEN with the plasma membrane. Since substitution of lysine to arginine does not decrease PTEN enzymatic activity but increases PTEN-membrane association, positive charges at amino acid position 13 are important for the enzymatic activity of PTEN and its enzymatic role is separate from its association with plasma membrane.

PTEN localization studies have been hampered by the fact that the majority of wild-type PTEN is phosphorylated and present in closed conformations. In this study, we genetically engineered PTEN to maintain the protein in an open conformation and thus bypassed the inhibitory mechanism that keeps PTEN in the cytosol. Experimental manipulation of PTEN conformations allowed us to define the mechanisms that drive PTEN to the plasma membrane and nucleus. Cancer-associated mutations in PTEN cause changes throughout the protein's structure. Based on our findings, demonstrating the importance of the open conformation of PTEN for its localization and activity, we predict that there are cancer-related mutations that render a open PTEN conformation. These mutations may affect the linker between the core and tail regions; this part of the protein has not been included in the crystal structure of PTEN and is likely important for stabilizing interactions between the core and tail regions independently of tail phosphorylation. We are currently searching for such mutations in the pool of oncogenic PTEN mutations. In future studies, it will be important to characterize the effects of such mutations on PTEN localization, stability, and activity, which may lead to the development of cancer interventions based on the activation of PTEN's tumor suppressor function.

Methods
=======

Cells and plasmids
------------------

*Dictyostelium* cells were cultured in HL5 medium at 22 °C[@b23]. Cells expressing GFP fused to PTEN variants were selected in the presence of 20 μg/ml G418 for more than 2 weeks. HEK293 cells were grown in DMEM containing 10% FBS. Cells were transiently transfected with 1 μg of DNA plasmids on eight-well chambered coverglass (Lab-TekII, Nunc) using Lipofectamine 3000 (Life Technologies), according to the manufacturer's protocol. Transfected cells were cultured overnight, then analyzed. The plasmids used in this study are listed in [Table S1](#S1){ref-type="supplementary-material"}. PTEN variants were generated using overlap extension PCR[@b44] and cloned into pKF3, a *Dictyostelium* expressing plasmid carrying GFP[@b23][@b30], and pcDNA3.1, a mammalian expression vector (Life Technologies). All constructs were confirmed by DNA sequencing.

Fluorescence microscopy
-----------------------

*Dictyostelium* cells expressing PTEN-GFP constructs were resuspended in DB containing 20 μM MG132 to block proteosomal degradation of PTEN-GFP and placed on eight-well chambered coverglass (Lab-TekII, Nunc), as previously described[@b23][@b30]. To analyze PTEN-GFP in HEK293 cells, the culture medium was replaced with Leibovitz's L-15 medium (Life Technologies) before observations. Fluorescent images were obtained using a Leica DMI 6000 inverted microscope equipped with a 63x objective and a CoolSNAP EZ camera. Time-lapse images of cell division that were obtained using a 40x objective on a 3i Marianis/Yokogawa Spinning Disk Confocal microscope equipped with a CO~2~, humidity and temperature-controlled enclosure. All images were analyzed using Image J software. To determine fluorescence intensity of PTEN-GFP at the plasma membrane and nucleus relative to the cytosol, we averaged fluorescence intensity in a 1 pixel area from three different positions in each subcellular compartment. We subtracted background fluorescence intensity from each measurement. The position of the nucleus was determined by DAPI staining.

Immunofluorescence
------------------

Cells were fixed using PBS containing 4% paraformaldehyde. Fixed cells were washed in PBS, permeabilized with 0.1% Triton X-100/PBS, and blocked in 0.5% BSA/PBS. The cells were incubated with antibodies to PTEN (138G6, Cell Signaling), followed by the appropriate secondary antibodies. Samples were viewed using a Zeiss LSM510-Meta laser scanning confocal microscope.

Interactions between PTEN and its C-terminal tail
-------------------------------------------------

Association of PTEN and its C-terminal tail (PTEN~352-403~-YFP-FLAG) was analyzed, as previously described[@b21][@b30]. HEK293 cells were transiently transfected with a plasmid carrying PTEN~352-403~-YFP-FLAG and then cultured overnight. Cells were lysed in lysis buffer containing 1% Nonidet P-40, 50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10% glycerol, 0.1 mM EDTA, phosphatase inhibitor cocktail (Sigma) and protease inhibitor cocktail (Roche). The lysates were then cleared by centrifugation at 13,000 rpm for 20 min at 4 °C. *Dictyostelium* cells expressing GFP fused to wild-type and mutant PTEN were lysed in 1% Nonidet P-40, 300 mM NaCl, 10 mM Tris-HCl (pH 7.5), 2 mM EDTA, phosphatase inhibitor cocktail (Sigma) and protease inhibitor cocktail (Roche). The lysates were then cleared by centrifugation at 13,000 rpm for 20 min at 4 °C. 100 μl of the HEK293 cell lysates were mixed with 500 μl of the *Dictyostelium* cell lysates. 15 μl of beads coupled to anti-FLAG antibodies (Sigma) were added to the mixtures and incubated for two hours. The bound fractions were analyzed by SDS-PAGE and immunoblotting using antibodies to GFP, which recognize both GFP and YFP.

Immunoblotting
--------------

Proteins were separated by SDS-PAGE and transferred onto PVDF membranes. Antibodies used against PTEN were: (138G6, Cell Signaling), GFP[@b45], NEDD4-1 (ab14592, Abcam), p70S6K and phospho-p70S6k duet (8209, Cell Signaling), AKT (9272, Cell Signaling), phospho-AKT (4060, Cell Signaling) and actin (C-11, Santa Cruz Biotechnology). Immunocomplexes were visualized by fluorescently labeled secondary antibodies and detected using a PharosFX Plus molecular imager (Bio-Rad).

Phosphatase activity
--------------------

The phosphatase activity of PTEN was measured, as described previously[@b30][@b37]. Wild-type and mutant forms of PTEN fused to GFP were expressed in *Dictyostelium* cells and immunopurified using GFP-Trap agarose beads (ChromoTek). The enzymatic activity was determined by measuring release of phosphates from PIP3 diC8 using a Malachite Green Phosphatase assay kit (Echelon). The activity was normalized relative to amounts of purified PTEN-GFP proteins.

Immunoprecipitation
-------------------

Whole-cell lysates of HEK293 cells expressing different PTEN-GFP constructs were prepared as described above for "in trans" interaction assays. Beads conjugated with anti-GFP antibodies were added to the lysates and incubated for two hours. The bead-bound PTEN-GFP constructs were concentrated by removal of supernatant after centrifugation. 400 μl of clean whole-cell lysate of HEK293 expressing HA-NEDD4-1 were then added to the beads and incubated for three hours. The beads were washed three times, and the bound fractions were analyzed by SDS-PAGE and immunoblotting using antibodies to GFP and HA.

DNA repair assays
-----------------

HCT116 PTEN-null cells were seeded on Lab-Tek eight-well chamber coated with laminin (L2020, Sigma) and incubated overnight. Cells were treated with 1 mM hydroxyurea (H8627, Sigma) for 16 h after a 24-h transfection with either wild-type PTEN or mutated constructs. Cells were fixed as previously described[@b16] and immunolabeled with a rabbit anti-phosphorylated histone H2AX (γH2AX) antibody (ab2893, Abcam) and a anti-rabbit IgG Alexa 568 antibody (Invitrogen). Images were acquired by confocal fluorescence microscopy (Zeiss LSM 780 NLO) equipped with a 63× objective. The numbers of nuclear foci of phosphorylated histone H2AX were manually counted. Nuclei were identified by staining with Hoechst 33258 (Molecular Probes).

shRNA
-----

NEDD4-1 was knocked down in HEK293T cells by co-transfecting plasmids expressing shRNA1 (5′-GCTGAACTATACGGTTCAAAT-3′) and shRNA2 (5′-CGGTTGGAGAATGTAGCAATA-3′). After 24 h of transfection, transfectants were selected with 5--10 μg/ml of puromycin for at least one week. Efficiency of the knockdown was confirmed by immunoblotting using an antibody against NEDD4-1.

Trap assays
-----------

HEK293 cells were transfected with DNA constructs by plating them directly in a transfection solution containing DNA plasmid and FuGENE HD (Roche). Cells were plated on poly-D-Lysine hydrobromide (Sigma)-coated cover glass, and then cultured in 6-well plates. Imaging was carried out 36 to 48 h after transfection. For imaging, DMEM medium containing 25 mM HEPES (Gibco) was used. Fluorescent images were obtained using either an epifluorescence microscope for translocation assay with emerin, or a confocal microscope for other assays. Using the epifluorescence microscope, CFP and YFP excitation were carried out by an X-Cite Series 120Q mercury vapor lamp that is processed through appropriate filter cubes. Images were taken using a 63× objective (Plan-Apochromat, Zeiss) mounted on an inverted Axiovert 135 TV microscope (Zeiss) and were captured by a QIClick charge-coupled device camera (QImaging). Imaging was driven by Metamorph 7.5 imaging software (Molecular Devices). For confocal microscopy, CFP and YFP excitation were carried out by lasers at 435 nm and 515 nm wavelength which are processed through appropriate filter cubes. Images were taken using a 63× objective with 1.4NA (Zeiss) mounted on an inverted microscope Cell Observer (Zeiss), and were captured by LSM780 scanner (Zeiss). Imaging was driven by Zen Black (Zeiss). All imaging experiments were carried out at room temperature (21--23 °C). For time-lapse imaging, fluorescence images were taken every 1 or 5 minutes for 25 to 80 min as indicated. Images were normally collected for 5 to 10 min before the addition of 100 nM rapamycin (0 minute). CFP intensity was normalized to the mean of the readings of the first two to three time points collected before the addition of rapamycin.

Statistics
----------

P values were calculated using the Student's t-test: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001.
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![L42R redistributes PTEN~A4~ and ePTEN to the nucleus from the plasma membrane.\
(**A**) Associations between the core region (e.g. the phosphatase and C2 domains) and the tail of the same PTEN molecule (closed conformation) are maintained through the phosphorylation of the tail (indicated by "P"). In contrast, the core region of PTEN~A4~ dissociates from the tail (open conformation) and binds to an exogenously added tail domain[@b22]. ePTEN exists in an open conformation due to mutations in the core region (asterisks). Therefore, ePTEN cannot bind to the exogenously added tail[@b22]. (**B**) *Dictyostelium* cells expressing the indicated forms of PTEN-GFP were observed by fluorescence microscopy. Bar, 10 μm. (**C**) Intensity of GFP at the plasma membrane and in the nucleus was quantified relative to that in the cytosol. Values represent the mean ± SD (n ≥ 8). (**D**) HEK293 cells expressing the indicated forms of PTEN-GFP were observed by fluorescence microscopy. Bar, 10 μm. (**E**) Whole-cell lysates from *Dictyostelium* expressing the indicated PTEN-GFP proteins were incubated with PTEN~352--403~-YFP-FLAG expressed in HEK293 cells. PTEN~352--403~-YFP-FLAG was immunoprecipitated with beads coupled to anti-FLAG antibodies. (**F**) The indicated PTEN-GFP proteins were immunopurified from *Dictyostelium* cells (Fig. S2), and phosphatase activities were measured. Values represent the mean ± SD (n = 4).](srep12600-f1){#f1}

![PTEN~A4~ is redistributed to the plasma membrane in the absence of the nuclear membrane during mitosis.\
(**A**) HEK293 cells expressing the indicated versions of PTEN-GFP were stained with a DNA dye, DRAQ5 (Cell Signaling), and observed by fluorescence microscopy. Dividing and non-dividing cells were identified by nuclear staining. Bar, 10 μm. (**B**) HEK293 cells expressing PTEN~A4~-GFP were observed by time-lapse confocal microscopy. PTEN~A4~-GFP was translocated to the plasma membrane upon nuclear membrane breakdown, which happened between 30 and 60 min. (**C**) Intensity of GFP at the plasma membrane and in the nucleus was quantified relative to that in the cytosol. Values represent the mean ± SD (n ≥ 8). (**D**,**E**) K13R blocks the nuclear accumulation of PTEN with the open conformation. HEK293 cells expressing the indicated forms of PTEN-GFP were observed by fluorescence microscopy. Bar, 10 μm.](srep12600-f2){#f2}

![K13 controls the stability of PTEN, but not its membrane association.\
(**A**) The indicated PTEN-GFP proteins were immunopurified from *Dictyostelium* cells, and phosphatase activities were measured. Values represent the mean ± SD (n = 3). (**B**) *Dictyostelium* cells expressing various PTEN-GFP constructs were observed by fluorescence microscopy. Bar, 10 μm. (**C**,**D**) Immunoblotting of whole-cell lysates prepared from *Dictyostelium* cells expressing PTEN-GFP variants was performed using antibodies to GFP and actin. (**E**,**F**). The band intensity was quantified relative to actin. Values represent the mean ± SD (n = 3). (**G**) HEK293 cells expressing the PIP3 biosensor RFP-PH~AKT~ along with the indicated forms of PTEN-GFP were observed by fluorescence microscopy. Bar, 10 μm. (**H**) Intensity of RFP at the plasma membrane was quantified relative to that in the cytosol. Values represent the mean ± SD (n ≥ 8). (**I**) HEK293T cell lysates containing the indicated PTEN-GFP constructs were analyzed by immunoblotting with antibodies to phospho-AKT, AKT, phospho-p70S6K, p70S6K, PTEN, and actin. (**J**) Quantification of band intensity. The band intensity of phospho-AKT and phospho- p70S6K was quantified relative to AKT and p70S6K, respectively. Values represent the means ± SDs (n = 3). (**K**) Quantification of γH2AX foci after 16-h hydroxyurea treatment. Values represent the means ± SEMs (n = 10).](srep12600-f3){#f3}

![NEDD4-1 is required for the stability of PTEN, but not PTEN localization.\
(**A**) NEDD4-1 was knocked down using shRNAs in HEK293 cells expressing the indicated forms of PTEN-GFP (middle images). mCherry-NEDD4-1 was overexpressed together with HA-ubiquitin in the same set of cells (bottom panels). Cells were observed by fluorescence microscopy. Bar, 10 μm. (**B**) Whole-cell lysates were analyzed using immunoblotting with antibodies to NEDD4-1, actin and GFP to detect the indicated PTEN-GFP fusions. (**C**) Band intensity was quantified. Values represent the mean ± SD (n = 3). (**D**) Co-immunoprecipitation of NEDD4-1 and PTEN variants. HEK293 cells expressing HA-NEDD4-1 along with the indicated forms of PTEN-GFP were lysed and incubated with anti-GFP antibodies. Cell lysates (input) and immunoprecipitated fractions (IP) were analyzed by immunoblotting with antibodies to HA and GFP. (**E**) Band intensity was quantified. Values represent the mean ± SD (n = 3).](srep12600-f4){#f4}

![PTEN in the open conformation states, but not in closed states, is imported into the nucleus.\
(**A**) List of constructs used. (**B**) Experimental design. FRB and FKBP dimerize in the presence of rapamycin. (**C**) Recruiters (FRB fusions) are targeted to the cytosol (NES-CR), the nucleus (NLS-CR) or the nuclear inner membrane (RC-Emerin). Bar, 10 μm. (**D**) Rapamycin was added to HEK293 cells expressing NES-CR along with different recruitees (FKBP fusions). (**E**) Rapamycin was added to HEK293 cells expressing RC-emerin along with different recruitees. (**F**,**G**) Rapamycin was added to HEK293 cells expressing NLS-CR along with different recruitees. The fluorescence intensity in (**D**--**G**) was quantified in (**H**). Values represent the mean ± SEM (n ≥ 5). (**I**) A model. Opening the conformation of PTEN regulates its recruitment to the plasma membrane and nucleus.](srep12600-f5){#f5}

![Effects of PTEN-PTEN interactions on PTEN localization.\
(**A**) Fluorescent microscopy images of HEK293 cells expressing wild-type PTEN-mCherry and different PTEN-GFP variants. Bar, 10 μm. (**B**) The intensities of mCherry and GFP at the plasma membrane and in the nucleus were quantified relative to those in the cytosol. Values represent the means ± SDs (n = 8). (**C**) Fluorescent microscopy images of HCT116 and HCT116 PTEN-null cells carrying the indicated constructs. Bar, 10 μm. (**D**) Intensity of GFP at the plasma membrane and in the nucleus was quantified relative to that in the cytosol. Values represent the mean ± SEM (n ≥ 8).](srep12600-f6){#f6}
